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Abstract

Runaway electrons (REs) are a concern for tokamak fusion reactors from discharge startup to
termination. A sudden localized loss of a multi-megaampere RE beam can inflict severe damage
to the first wall. Should a disruption occur, the existence of a RE seed may play a significant role
in the formation of a RE beam and the magnitude of its current. The application of central
electron cyclotron resonance heating (ECRH) in the Tokamak a Configuration Variable (TCV)
reduces an existing RE seed population by up to three orders of magnitude within only a few
hundred milliseconds. Applying ECRH before a disruption can also prevent the formation of a
post-disruption RE beam in TCV where it would otherwise be expected. The RE expulsion rate
and consequent RE current reduction are found to increase with applied ECRH power. Whereas
central ECRH is effective in expelling REs, off-axis ECRH has a comparatively limited effect.
A simple 0-D model for the evolution of the RE population is presented that explains how the
effective ECRH-induced RE expulsion results from the combined effects of increased electron
temperature and enhanced RE transport.

4 See Reimerdes et al 2022 (https://doi.org/10.1088/1741-4326/ac369b) for the TCV Team.
b See Joffrin et al 2024 (https://doi.org/10.1088/1741-4326/ad2be4) for the EUROfusion Tokamak Exploitation Team.
* Author to whom any correspondence should be addressed.
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1. Introduction

In tokamaks, runaway electrons (REs) can be generated when
the toroidal electric field exceeds a critical value that is pro-
portional to the plasma density [1]. In recent years, REs have
been studied extensively as they present a threat for reactor-
scale tokamaks where disruptions may generate multi-MA RE
beams that could inflict significant damage to the first wall
[2]. Strong RE populations have been observed in all phases
of tokamak discharges : plasma startup, current rampup, full
current regime, and post-disruption. In reactor-scale tokamak
disruptions, RE generation is expected to be dominated by ava-
lanches of knock-on collisions [3, 4], which depends critically
upon the strength of a pre-disruption RE seed [5]. Tokamak
operation can thus be made safer by supressing any RE seed
before an eventual disruption, or by, at least, reducing the RE
density.

The Tokamak a Configuration Variable (TCV) is equipped
with diagnostics dedicated to fast electron physics and has
developed scenarios with strong RE currents without signific-
ant danger to the machine vessel [6, 7]. With extensive real-
time control including magnetic shaping, high power auxiliary
heating and multiple gas injection systems, TCV has become
particularly well suited to RE research [8]. In TCV, sustained
RE beams are observed following disruptions induced by
massive gas injection (MGI) only when a significant fraction
of the plasma current is driven by REs before the disruption
[6, 9].

REs are generated in a plasma with electron density 7 if the
electric field E parallel to the magnetic field lines exceeds a
critical value E, beyond which the electric force overcomes the
collisional friction force of electrons that are travelling close
to the speed of light. Connor & Hastie expressed this critical
field as [10]

3
E, = ne’ InA 0

dredmc?’

where In A is the Coulomb logarithm, e the elementary charge,
€o the free space permittivity, m the electron rest mass and ¢
the speed of light in vacuum. For E > E, electrons with suffi-
cient momentum p > p, = mc(E/E. — 1)~'/? accelerate con-
tinually and are termed REs. REs can be generated by colli-
sional diffusion through the p = p. boundary beyond which
electrons undergo this net acceleration, referred to as the
Dreicer mechanism [11]. In addition, a knock-on collision
between an existing RE and a slower, free or bound, elec-
tron can result in both electrons now satisfying p > p,, termed
the avalanche process [3]. Experimentally, REs are detected
only when E > E, [12]. By accounting for additional physical
effects such as radiation losses, radial transport, and collisions
with partially ionized impurities [13—16], an effective critical

field larger than E. can be defined to identify the conditions
for RE generation [17, 18].

In TCYV, an observable RE population is generated in plas-
mas where the density is sufficiently low such that the par-
allel electric field satisfies E/E. 2 10 [8]. At sufficiently low
plasma densities, strong RE growth is observed with the dis-
charge entering a regime where a significant fraction of the tor-
oidal plasma current is carried by REs. After an MGI-triggered
disruption, a so-called “RE beam” carries the entire plasma
current, as shown in section 2. Under otherwise identical con-
ditions, applying ECRH before MGl results in a near-complete
expulsion of the RE seed population preventing the forma-
tion of a RE beam following the triggered disruption. ECRH-
induced RE expulsion is further characterised in section 3. The
RE expulsion rate and the resulting RE current reduction are
found to increase with ECRH power with estimations of RE
loss rates and RE population reduction derived from exper-
imental observations. A radial scan of ECRH power depos-
ition shows that the RE population reduction is considerably
stronger for centrally compared to off-axis deposited ECRH.
A 0-D analysis of the ECRH expulsion dynamics is presented
in section 4. The RE current decay during ECRH is associated
with a transition from high to low RE current regime from the
combined effect of higher RE losses and reduced avalanche
RE generation due to the higher bulk electron temperature and
correspondingly lower loop voltage. The paper concludes by
discussing applications of the ECRH-induced RE expulsion
and proposing scenarios to further characterise the underlying
physical mechanisms.

2. Prevention of post-disruption RE beam formation
using ECRH in TCV

TCV discharges presented in this paper feature a diverted,
nearly circular, deuterium plasma with major radius R = 0.89
m, minor radius a =0.25 m and a toroidal magnetic field on
axis By = 1.44 T. From about r =0.1 s onwards, the toroidal
plasma current is maintained at /, = 120 kA through feedback
control of the central solenoid current. The presence of REs is
monitored by PMTX, a photomultiplier tube sensitive to hard
x-rays (HXRs) located outside the vessel. It is estimated that
HXR photons with energies above 150 keV can traverse the
TCV chamber and be detected by PMTX. Comparisons with
dosimetry [19] show that, in the presence of significant RE
populations, the PMTX signal remains approximately propor-
tional to the HXR photon energy flux. The signal scales with
RE energy and RE loss rate as HXR emission is dominated by
RE-wall interaction in the absence of high-Z impurities within
the plasma [9].

Studies of post-disruption RE beam generation in TCV con-
cluded that a significant pre-MGI RE seed must exist for a RE
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Figure 1. (a) Plasma current, loop voltage, line-integrated density;
(b) raw signal from the PMTX diagnostic; as a function of time for
TCV discharges #78822 (no ECRH) and #78870 (700 kW central
ECRH between 0.75 and 0.95 s indicated by the grey area).

beam to form after a plasma discharge disruption trigerred by
MGI [6]. In TCV discharge #78822 (figure 1), a strong RE
seed is generated during an initial low density phase with a
line integrated density nj, < 2 X 10'®* m~2 between t=0.3 s
and 0.6 s. The HXR signal increases rapidly until it reaches
a plateau between t=0.4 s and 0.6 s. As the HXR intensity
rises, the loop voltage decreases from Vigop = 1.2 V1o 0.3 V
att=0.4s. As will be demonstrated in section 4, this decrease
in loop voltage characterises a transition from a low to a high
RE current regime, where ~75% the plasma current is carried
by REs.

In contrast with most TCV RE beam studies where the
density is kept extremely low until MGI [6, 7], higher fueling

is applied in this discharge from r=0.6 s onward. The
density rises rapidly from nj, = 1.5 x 10 m™2 at r=0.6 s
to My = 5.3 x 10" m~2 at r=0.75 s and is then held con-
stant until MGI at t = 1.0 s. This density increase is designed
for RE dynamics comparison with discharge #78870 where
ECRH power is applied and higher wall degassing inevitably
increases the density. This nearly fourfold density increase
leads to a remarkably modest reduction of the RE current,
which still drives ~50% of the plasma current at t =0.75 s, in
accordance with an increase in the loop voltage to 0.6 V. The
RE current remains relatively insensitive to density variations,
a characteristic property of ohmic plasmas in the high RE cur-
rent regime, as explained in section 4. The HXR signal does
not decrease following this significant density increase but,
instead, rises steadily. This suggests that the RE seed energy
gain—as result of the higher loop voltage—more than com-
pensates for the slightly reduced RE current. Massive injection
of neon at r=1.0 s (7.2 x 10" atoms) induces a plasma dis-
ruption. As indicated by the HXR signal saturating, a RE beam
is formed, that now drives almost all the plasma current until
the shot terminates at # = 1.4 s. It is worth noting that, after a
strong RE seed is established, raising the electron density by a
factor 4 does not prevent the formation of a RE beam following
the MGlI-triggered disruption.

Figure 1 compares discharges #78822 and #78870, which
are very similar until t = 0.75 s. In #78870 about 700 kW
of ECRH power is applied between 0.75 and 0.95 s by an
X-mode polarized EC wave power deposited on the high-
field side (HFS) at r/a =0.25. With the toroidal magnetic
field close to the maximum attainable at TCV, the ECRH
power is deposited as centrally as possible for a 84 GHz
microwave beam launched perpendicularly to the magnetic
field. Upon ECRH application, the HXR signal increases
sharply by ~50% (figure 1(b)). This initial rise is followed
by a steady decay of one order of magnitude over the 200 ms
ECRH phase. Taking the HXR emission as proportional to the
RE-wall collision frequency [9], the initial peak indicates a
sudden increase in the RE loss rate upon ECRH onset, whereas
the subsequent decay would result from a reduction in the RE
current. The steady RE depletion is explained by an increased
loss rate combined with a reduction in the RE avalanche gain
as the loop voltage decreases during ECRH. At r=1.0 s, an
MGI similar to that of #78822 also triggered a disruption, but
was not followed by the formation of a RE beam. The applica-
tion of ECRH thus prevented the formation of post-disruption
RE beam by expelling the RE seed.

Lower energy REs are also monitored using the vertical
electron cyclotron emission (VECE) diagnostic [20], figure 2.
Radiation measured at frequencies 98.3 GHz and 108.8 GHz
along a vertical line of sight intersecting the magnetic axis cor-
responds primarily to third harmonic ECE emission from elec-
trons of energy £ ~ 111 keV and £ ~ 51 keV, respectively.b At

8 Higher harmonic ECE emission by higher energy electrons may not be neg-
ligible. Estimating the importance of this contribution requires knowledge of
the electron distribution function.
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Figure 2. Uncalibrated vertical electron cyclotron emission at 108.8
and 98.3 GHz, as a function of time for TCV discharges #78822 (no
ECRH) and #78870 (700 kW central ECRH between 0.75 and

0.95 s indicated by the grey area).

these frequencies the plasma is optically thin so VECE emis-
sion can be taken as proportional to the integrated density
of REs at the corresponding energy along the vertical line of
sight. VECE employs a viewing dump to avoid reflections, and
the density is sufficiently low for lines of sight at the selected
frequencies to originate from the dump. The effect of spuri-
ous reflections is thus neglected [21]. With a critical energy
&. ~ 50 keV during the ECRH phase, the 108.8 GHz radiation
is emitted by electrons near critical energy for which the elec-
tric and friction forces balance each other, whereas the 98.3
GHz radiation is emitted by REs.

In discharge #78822 without ECRH the VECE signals
decrease by only 30% during the higher density phase between
t=0.7 s and 1.0 s. In contrast, VECE signals are found to
decay strongly throughout the ECRH phase in TCV discharge
#78870, indicating a depleting RE density at these energies.
The absence of initial peak in VECE signals upon ECRH is
expected as the radiation intensity depends on the integrated
RE density along the line of sight that should not be increas-
ing. Conversely, this observation reinforces the hypothesis that
HXR emission, including the spike at ECRH onset, is propor-
tional to the RE loss rate. The decay rate from the VECE sig-
nals across the first 100 ms in the ECRH phase is approxim-
ately 13 s~ It is independent of VECE frequency and nearly
identical to that of the PMTX signal that monitors HXR emis-
sion from higher energy electrons impinging upon the wall.

3. Characterisation of ECRH-induced RE expulsion

3.1. Effect of ECRH injected power on RE dynamics

ECRH-induced RE expulsion is further probed by varying
the applied ECRH power. Figure 3 shows the time evolution
of a reference discharge without ECRH (#77318, similar to
#77822). A significant RE population is generated during the
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Figure 3. (a) plasma current, loop voltage, line-integrated density,
and electron temperature; (b) count rate from the blind detector of
the top vertical camera and raw signal from the PMTX diagnostic,
as a function of time for TCV discharges #77318, #77319 and
#77321 in which 0, 700 and 1400 kW of central ECRH is applied,
respectively, between 0.8 and 1.3 s.



Nucl. Fusion 64 (2024) 106027

J. Decker et al

early, low density, phase. Around ¢ =0.4 s, the loop voltage
decreases rapidly from Vieop = 1.2 V to 0.4 V then remains
relatively steady between ¢ = 0.45 s and 0.65 s. In this high RE
current regime, ~70% of the plasma current is driven by REs,
as estimated in section 4. For an RE dynamics comparison
between discharges, with and without ECRH, the density
is increased by ~3x between t=0.6 s and 0.7 s and then
maintained.

Discharges #77319 and #77321 are identical to #77318
until = 0.8 s, when 700 kW and 1400 kW of ECRH is applied,
respectively, until = 1.3 s. The 84 GHz, X-mode polarized
EC wave is launched perpendicularly to the magnetic field and
is deposited at r/a = 0.25 on the HFS.

In addition to the PMTX diagnostic, the evolution of the
RE population is tracked by TCV’s hard x-ray spectrometer
(HXRS) that measures the count rate from the W-shielded
blind® detector of the top HXRS camera [22], figure 3(b). It is
estimated that only HXR photons with energy above 500 keV
can traverse the W shielding of the camera and be registered.
The HXR signals in the ECRH-free discharge #77318 are
approximately constant after the density plateau is reached at
0.7 s. Similarly to #78870, the application of central ECRH
in discharges #77319 and #77321 results in an initial peak in
the HXR signals followed by a steady decay. Similar decay
rates are measured in signals by the PMTX and HXRS dia-
gnostics. The height of the initial HXR peak and the rate of
the subsequent decay both increase with applied ECRH power,
indicating a higher RE loss rate. In discharge #77319 (700 kW
ECRH), the PMTX signal steadily decays during the ECRH
phase, finally reaching two orders of magnitude below its peak
value. In discharge #77321 (1400 kW ECRH), where the decay
rate is higher, the PMTX signal decreases by three orders of
magnitude from the peak value, attaining a steady state value
from t=1.1 s onwards.

3.2. Estimation of the RE loss rate and population reduction

HXR emission is monitored by PMTX, located outside the
vessel, and by the HXRS camera array. It is estimated that,
in the absence of heavy impurities, this HXR emission is
dominated by RE-wall interaction, far exceeding the plasma
bremsstrahlung emission [9], allowing the HXR intensity to
be taken as proportional to the RE loss rate. This hypothesis
is supported by the HXR intensity evolution during ECRH as
RE-plasma bremsstrahlung cannot explain an initial peak fol-
lowed by a steady decay. PMTX intensities are also found to
be proportional to radiation dosimetric measurements from the
LUPIN detector [19].

Assuming that HXR intensity increases with the energy of
the RE impinging upon the wall and that RE losses are inde-
pendent of RE energy, we can, to first approximation, consider
that the HXR intensity ¥ be expressed by

U = CvngK(€) 2)

9 In each HXRS camera one detector referred to as the blind detector is shiel-
ded from the plasma by 2 cm of tungsten.

where v is the RE loss rate, ng the RE density, K(£) is a
monotonically increasing function of the average RE energy
£, and C is a time-independent constant that depends upon
the RE-wall interaction physics, the diagnostic’s characterist-
ics and the plasma volume. The assumption that v is inde-
pentent of £ is supported by the similar decay rates observed
from VECE (50 < £ < 110 keV), PMTX (£ > 150 keV) and
HXRS (£ > 500 keV) signals during the ECRH phase.

As seen in figure 3, at the onset of ECRH, the PMTX signal
jumps, almost instantaneously, from ¥y = CryngoK(&) to a
peak value ¥y = Cvyng K(&). Assuming that the RE density
ng) =~ ngo and energy &) ~ & have not changed significantly
during this rapid transition, the relative increase in loss rate
can be estimated from the initial HXR rise upon ECRH onset

v W

vy Vo
From the PMTX signal in #77319 (700 kW) and #77321
(1400 kW) a relative peak height ¥; /¥y—and thus a loss rate
gain vy /1y — of 2.0 and 3.0, respectively, are obtained.

After the initial peak, the HXR signal decreases until the
end of the ECRH phase (#77319) or to a time-asymptotic
limit (#77321). This is indicative of a decreasing RE dens-
ity, confirmed by the absence of any significant RE current
at the end of the ECRH phase where the loop voltage has now
returned to its value before RE growth that is, itself, consist-
ent with neoclassical conductivity calculations [23]. Defining
U, = CrongaK(&,) as the HXR signal intensity at the end of
the ECRH phase, across which the loss rate v, ~ v is assumed
to be constant, the ratio U, /¥ in HXR emission provides an
estimate of the corresponding relative loss of REs

nr> -~ \Ifz/K(gz)

nRo o Wl/K(EQ)

3

“

During the ECRH phase, the parallel electric field is strongly
reduced but remains higher than the critical field (E/E. 2 3).
Assuming & ~ & we can take

ngy W

ngo 0 ®)
with a value of ngy/ngo ~ 102 for #77319 where the RE
population was still decreasing when ECRH ceased, and
nRa /MR & 1073 for #77321 where U, is taken as the asymp-
totic limit. A reduction of the RE density of three orders
of magnitude is observed in TCV discharge #77321 until a
steady-state is reached where residual RE generation balances
RE losses.

As described in section 4, the HXR intensity evolution res-
ults from the competition between RE loss rate v; and ava-
lanche gain 4. This can be estimated from the time evolution
of W in the early stage of the decay phase. We find v — 4| ~
16 s~ for #77319 (700 kW) and v; — v4; ~ 31 s~ ! for#77321
(1400 kW). The time evolution of the PMTX signal, figure 4,
is compared to a model where U(¢) = ¥, before ECRH
(t<0.8s)and ¥(r) = Uy + (U — Uy) exp[—(v; — va1)t] dur-
ing ECRH (r > 0.8 s).
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Figure 4. Measurement of the PMTX signal in TCV discharges
#77319 (700 kW) and #77321 (1400 kW) compared to the model
U(r).

In section 4, values of y4; ~ 7 for #77319 and 4, ~ 4 for
#77321, respectively, are deduced during the ECRH phase.
Combining equation (3) with | measurements provides an
estimation for the RE loss rate, v, before ECRH. For #77319
(700 kW), vy ~23 s=!, ¥ /¥y ~2.0 and vy~ 11 s~!. For
#77321 (1400 kW), v; ~35 s7!, ¥, /¥y~ 3.0 and 1 ~ 12
s~!. Reassuringly, highly similar pre-ECRH RE loss rates are
derived from both discharges that were programmed identical
until the ECRH phase. As shown in figure 3, more ECRH
power significantly increases the RE loss rate. This increase,
V1 — 1, is found proportional to the applied ECRH power and
can be described by (v — 1) /vy ~ P/640 kW.

3.3. Temperature profie and energy confinement time

The central electron temperature evolution measured by
Thomson scattering (figure 3) is highly similar in discharges
#77319 and #77321, from T,y ~ 1 keV before ECRH to ~
3.5 keV during ECRH. The electron temperature profiles
measured during the ECRH phases also overlap (figure 5),

—77318
77319 |
77321

05 ’//-\\\_
0 T | | i -

0 0.1 0.2 03 04 05
Z{m)

Figure 5. electron temperature profile from Thomson Scattering
(TS) measurements averaged over the time range ¢ = [0.9,1.1] s for
TCV discharges #77318, #77319 and #77321 in which 0, 700 and
1400 kW of central ECRH is applied, respectively, between 0.8 s
and 1.3 s. Profiles are plotted as a function of the respective vertical
position Z where TS lines of sight insersect the vertical laser path.

suggesting that the plasmas are in a regime of saturated micro-
turbulence with stiff electron temperature profiles where the
transport is proportional to the input power [24, 25]. The
energy confinement time, measured during the ECRH phase,
correspondingly, decreases from 7z =3.9 ms in #77319
(700 kW ECRH) to 7g; = 2.4 ms in #77321 (1400 kW ECRH)
to be compared to 750 =9.5 ms in the absence of ECRH
(#77318). The reduction in energy confinement TE_ll - TE_OI =
150 s~! for #77319 and 7;,' — 7' =310 s~} for #77321 is
also found to be proportional to the applied ECRH power.
ECRH-enhanced turbulent radial transport would thus be a
possible mechanism to explain the corresponding increase in
RE loss rate [26].

3.4. Effect of ECRH radial location on RE dynamics

In the TCV discharges presented so far, ECRH was launched
perpendicularly to the magnetic field at a poloidal angle cor-
responding to EC power deposition close to the plasma centre.
In a similar set of experiments, ~600 kW of ECRH (82.4
GHz, X-mode polarisation) was again launched perpendicu-
larly where REs carried ~40% of the plasma current. The
radial location of ECRH power deposition is varied between
r/a=0.20 (#76443) and r/a = 0.45 (#76444) by adjusting
the EC poloidal launching angle, figure 6, with the result-
ing discharge time evolutions shown in figure 7. Whereas the
radial location of power deposition has no significant effect on
the plasma density, the increase in central plasma temperature
due to ECRH is higher for central ECRH (7,9 = 3 keV) than
off-axis ECRH (1.8 keV). The loop voltage required to drive
the plasma current is higher in discharge #76444 (Vioo, = 0.4
V) than in #76443 (0.3 V). The increase in loop voltage is,
however, lower than that predicted by the effect of electron
temperature on the plasma conductivity o ~ Tz/ %, Comparison
with neoclassical conductivity model predictions [23] indic-
ates that REs probably drive a significant proportion of the
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Figure 6. (a) ECRH propagation within a poloidal plane calculated
by the RF propagation code C3PO [27] for TCV discharges #77443
(red) and #77444 (blue) where ECRH is applied between ¢t = 0.8 and
1.3 s and deposited at radial locations r/a = 0.25 and r/a = 0.45,
respectively; (b) correponding electron temperature profile from
Thomson Scattering measurements averaged over the time range
t=1[0.4,0.6]s,7=1[0.9,1.1] s, and r = [1.4,1.6] s.

plasma current during off-axis ECRH. This observation is con-
firmed by PMTX and HXRS signals that do not decay signific-
antly in #76444. Although the RE loss rate increases upon off-
axis ECRH, as identified by the initial PMTX peak, the slower
decay and high asymptotic level of HXR signals indicate that
the plasma remains in the high RE current regime described in
section 4.

The relative height of the initial peak in PMTX signal
is similar in #76443 and #76444. The corresponding estim-
ate for the increase in RE loss rate (3) is vy /vg = ¥ /¥ ~
1.5. The initial decay time is also similar, with v — 4 ~
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Figure 7. (a) Plasma current, loop voltage, line-integrated density;
(b) central electron temperature; raw signal from the PMTX
diagnostic, and count rate from the blind detector of the top vertical
HXRS camera; as a function of time for TCV discharges #76443
and #76444 in which 700 kW of ECRH is deposited around
r/a=0.2 and r/a = 0.45, respectively, between 0.8 and 1.3 s.

7 s~!. The HXR signal decays exponentially in discharge
#76443 with a corresponding reduction of the RE dens-
ity (5) of nga/ngo =~ 0.025. For off-axis ECRH (#76444),
however, the HXR intensity only decreases slightly before
attaining a new steady-state with a modest RE density reduc-
tion ngy/ngo ~ 0.5 such that REs still drive ~20% of the
plasma current at the end of the ECRH phase. Interestingly,
this contrasted evolution of the RE density for central
vs off-axis ECRH is observed despite a similar RE loss
rate.
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4. A simple analytical model to describe
ECRH-induced RE expulsion

4.1 High and low RE current regimes

It is shown in sections 2 and 3 that applying central ECRH in
the presence of a significant RE population results in a strong
reduction of the RE current by up to three orders of mag-
nitude. ECRH-induced RE expulsion can be explained using
a simple 0-D model that describes how the RE population
evolves from a high RE current regime, characterised by a bal-
ance between RE losses and avalanche generation, to a low
RE current regime where RE generation through the avalanche
mechanism is negligible.

We assume a plasma with uniform electron density n, elec-
tron temperature 7, current density J, and parallel electric field
E. The evolution of the RE density ng is taken to be

dn

d—tR:F—VnR:FDqL(’YAfV)nR. (6)
The RE generationrate I' = I'p + y4ng includes a Dreicer gen-
eration rate I'p [11] and an avalanche growth rate 4 that can
be approximated by [3]

oe

= meln A (E—E.) 7

YA
where a accounts for various effects such as magnetic trapping
[28] that cannot be described ab-initio in a OD model, and
is considered here as a constant, to be determined. If y4 < v
the RE density evolves towards a value ng =T'p/(v —y4).
If v4 > v the RE density increases until some further satur-
ation mechanism comes into play. Such a mechanism may
include : (1) kinetic instabilities driven by increasing gradi-
ents in RE momentum space [29-31]; (2) momentum space
vortices driven by radiation reaction forces [14, 32], possibly
enhanced by resonant mechanisms [33-35]; (3) increased
transport—and corresponding loss rate v — resulting from
changes in the plasma equilibrium due to the increasing RE-
driven current; (4) reduced Ohmic field—with reduced ava-
lanche gain y4—as a response of the plasma control system to
the increasing RE-driven current [36].

The TCV plasmas discharges described in section 2 were
under /,-feedback control. The loop voltage evolution shows
that, here, the RE saturation mechanism is provided by the
Ohmic field reduction. We can model the plasma current dens-
ity J as the sum of the thermal and RE contributions [36].
Approximating the parallel RE velocity to the speed of light

J=0FE+ ecng ®)

where ¢ is the plasma conductivity. We define ng, = J/(ec) as
the density of REs required to drive all the plasma current. The
RE density required to drive a current /, = 120 kA in a circu-
lar uniform plasma with a =0.25 m is ng, = 1.3 x 10 m—3,
which is 2-3 orders of magnitude below the electron density

of the discharges described in this paper. The control system
uses feedback on the measured /), to adjust the electric field

E—ec(annR)—J<lnR). )

g g nRp

When the RE-driven current increases, the Ohmic drive is
reduced and the avalanche growth rate decreases correspond-
ingly from its maximum value Y4 max = v (1 —n/n.) as

(10)
ngp

where v4 = /(27.InA) is the maximum avalanche growth
rate in the limit n — 0, and n, is the critical density below
which REs can exist

dredm?c

n.— e e
7 r.etlnA

D

with 7, = mo /(e*ng,) the corresponding relativistic collision
time'©.

A homogeneous response of the electric field, as described
by equation (9), is only applicable if the RE density evolves
over time scales that are longer than the current redistribu-
tion time. Otherwise it is necessary to solve the induction
equation as performed in codes such as GO [37] and DREAM
[38]. Nonetheless, equation (10) can be combined with
equation (6) to analyse steady-state plasma phases where the
loop voltage is uniform and the RE-driven current is constant,
ie.dng/dt=0:

n
I'p+ |:7Amax_V_VAR:| ng=0. (12)

I’lRp

Solving equation (12) provides a solution for the steady-state

RE density
1 2
ng = | 7kn + 4/ ngy, — 4ngpng

where we identify asymptotic expressions for high RE density

13)

nRp = anVA_I (’YAmax - V) (14)
and low RE density
Tr
ng=—"2 (15)
V — YAmax

In TCV plasma conditions I'p < vng,, indicating that the
RE confinement time is too short for the Dreicer mechanism
alone to sustain a significant RE current. Here, two clearly dif-
ferent regimes can be identified from equation (12):

10 Here 7. is defined as a function of the expected maximum electric field
J/o, in the absence of REs, and thus differs slightly from its usual expression
mc/(eE). The interpretation of n. as a critical density remains since ng — 0
and E — J/o when n — n..
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e a low RE current regime for v4max < v where the ava-
lanche gain 4 ~ yamax cannot compensate RE losses and
the steady-state RE density, ng ~ ng; < ng,, is proportional
to the Dreicer generation rate and increases with the RE con-
finement time,

o ahigh RE current regime for y4 max > v where the avalanche
gain y4 ~ v decreases from its maximum value 4 max until
it balances RE losses and the steady-state RE density is ng ~
nRrp 5 nRp.

In the high RE current regime the RE density ng;, can be
rewritten as

! J—o(E.+E))]

—| (16)
ec

NRh =

where E, = 2o~ 'mcIn Av /e can be interpreted as a correction
to the critical field accounting for RE transport and E. + E,, is
now the effective critical field.

Exiting the high-RE current regime, or simply reducing
ngy, can thus be achieved by one or more of the following :
(a) a higher loss rate v, (b) a higher electron temperature
considering o ~ 7%/2, (c) a higher density as E. ~n, (d) a
lower plasma current as J ~ I,. REs in TCV typically require
n/n. = oE./J < 107! so that, in the high RE current regime,
density variations have a weak effect on ngy, as observed exper-
imentally in section 3.

Defining normalised quantites 7#=n/n.,, [p=
I'p/(vangy), and v =v/v,y we can express the normalised
steady-state fig = ng/ng, as

1 -
Tig = 3 (ﬁRh + /7%, +4FD) (17)

where
fign =1—n— 0. (18)

REs can exist only if the density is sufficiently low so that
n < 1, and the high RE current regime requires a low RE loss
rate 7 < 1 — . When I'p, < 1, the high RE current regime res-
ults primarily from avalanche RE generation. The high and low
RE current regimes are illustrated in figure 8 for parameters
(7 =0.37,Tp = 0.0024) as a function of 7. We observe a sharp
variation of the RE density around the transition v = 7y pax (Or
equivalently 7ig;, = 0) between the high and low RE current
regimes, with ng/ng, decreasing by two orders of magnitude
for only a fourfold increase in 7. In comparison, increasing
v while remaining within the high RE current regime does
not affect the RE density significantly. In the low RE current
regime, increasing ¥ results in the RE density decreasing as
fig~1/0.

4.2. Analysis of TCV #77321

The model developed in section 4.1 is applied here to TCV
discharge #77321, described in section 3 and illustrated in

=
o
o

.. high RE model

<

TLR/TLRP = l.— n |

._.
e
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ng/ngy
=
o
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s Dreicer onl
V= 7111&3{. y
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Figure 8. Normalized RE density ng/ ngp as a function of the
normalized RE loss rate ¥ for parameters 77 = 0.37, I'p = 0.0024.
The asymptotic solutions ng = ng, and ng = ng; identified for the
high and low RE regimes are indicated as dashed black lines. The
transition v = y4max between the high and low RE regimes is
marked as a blue vertical line.

figure 3, where five phases are identified where Vi, is approx-
imately constant :

() initial Ohmic plasma before RE growth (centered around
t=0.255),
(ii) lowest density, low loop voltage phase (r=10.55 s),
(iii) higher density phase before ECRH (r=0.75 s),
(iv) during ECRH after the RE decay phase (r =1.25 s),
(v) after ECRH is turned off (r=1.50 s).

In each phase, the measured density and loop voltage are
used to estimate E/E, by assuming a uniform loop voltage.
The RE loss rates are obtained from the analysis of section 3
assuming — and verifying a posteriori—that v > -4 during
ECRH. The main model parameters are listed in table 1.

The Dreicer generation rate during the ECRH phase,
I'p/ ng, = 0.015 s~ !, is derived from estimates of the steady-
state RE density and the decay rate, equation (15). For com-
parison, a considerably higher estimate for the Dreicer RE
generation rate during the initial, low-density, phase of the
plasma discharge can be obtained from (6), see A, which
yields I'p /ng, = 0.2 s~!. The Dreicer growth rate is reduced
by about an order of magnitude between the low density phase
and ECRH phases. Furthermore, even in the absence of RE
losses, driving a significant RE current through the Dreicer
mechanism alone would take ~5 s. With the loss rate, estim-
ated at v = 10 s~!, the asymptotic RE density would be limited
to ng/ng, = I'p/(ngyv) ~ 0.02. For low density Ohmic TCV
plasmas in high RE current regime, RE generation is, thus,
clearly dominated by the avalanche mechanism.

We can now describe the evolution of the RE population in
discharge #77321 :

e In the initial low density phase 0.1 << 0.6 S, ¥ < YA max>
the RE growth rate is positive and the plasma evolves
towards a high-RE current regime, indicated by the loop
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Table 1. Parameters for plasma and RE dynamics corresponding to various time phases of TCV discharge #77321. The steady-state RE
densities at t =0.55 s and t = 0.75 s are calculated from I, and V140p. An estimate for ng /ngp after ECRH-induced RE expulsion can be

derived from (5).
()  m(x10”m7)  Viep (V) E/Ec v aGT) vam 7 nma/ney To/nep 57V nw/ngp
1) 0.25 0.8 1.00 27 25 25 0.2
ii) 0.55 0.4 0.40 22 10 10 25 0.6 0.6
iii) 0.75 1.3 0.50 8 11 11 24 0.5 0.5
iv) 1.25 2.0 0.25 3 35 4 4 —4.8 0.015 0.0005
V) 1.50 1.5 1.00 15 24 24
10° T I
_________ e e
increased:
10_1 RE losses ;
1
& 1
£ 107 :
g I
combined 1
3 | effects 1
10 i i
e —— - - -
1 1
10 1 1
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Figure 9. Normalized RE density ng/ng, as a function of the normalized RE loss rate & for parameters corresponding to the pre-ECRH
steady-state phase (red solid line, 7 = 0.06, I'p = 0.0078) and the ECRH phase (blue solid line, 7 = 0.37, I'p = 0.0024). The RE loss rates
v=11s"!and v =35 s~! measured respectively before and during ECRH are indicated along with the correponding 1z /NRp-

voltage decrease from Vioop = 1.0 V to 0.4 V and an ensu-
ing steady state v = y4 where avalanche generation com-
pensates RE losses. This is a high RE current regime.

e From ¢t =0.6 s to t =0.7 s the density increases from nj, =
2.5x 10" m~2 to 7.0 x 10'® m~? with a consequential
increase in the critical field E.. The loop voltage rises from
Vioop = 0.4 V 10 0.5 V to maintain the avalanche growth rate
Y4 = v. The plasma remains in a high-RE current regime.

e During the ECRH phase, the loss rate increases. In addi-
tion, ECRH heating increases the conductivity of thermal
electrons and the control system reacts by reducing the loop
voltage. The reduced avalanche RE generation can no longer
compensate RE losses. The RE population decays to a bal-
ance between Dreicer generation and RE losses. The plasma
is now in a low RE current regime.

o After ECRH, the loop voltage is higher than in the
pre-ECRH phase. However, with a density now con-
siderably higher than for the #< 0.6 s phase, Dreicer
generation is comparatively low and RE regeneration
over the remaining duration of the discharge can be
neglected.

The transition from a high RE current regime before ECRH to
a low RE current regime during ECRH is illustrated graph-
ically for discharge #77321 by plotting the normalised RE
density ng/ng, as a function of the absolute RE loss rate v
(figure 9). We observe a three orders of magnitude decrease
in the RE density from the combined effects of increased

RE losses from v=11 s~! to 35 s~! and the increased

conductivity of thermal electrons attributed to ECRH (trans-
ition from the red to the blue curve).

We can infer that the heating effect of ECRH—and
corresponding increase in conductivity—would have led
to a RE density reduction by a factor ~100 without an
increase of the RE loss rate. Conversely, the increase in
RE loss rate alone would have led to a RE density reduc-
tion by a factor ~20. The combined effects induce a
decrease of RE density by a factor ~1000 as observed
experimentally.

4.3. Analysis of ECRH phase in EC power and radial location
scans

The model developed in section 4.1 is applied to the ECRH
power and radial deposition scans by calculating ng;, during
the ECRH phase. Results are summarized in table 2. For TCV
discharge #77319 (700 kW), illustrated in figure 3, it is found
that v =23 s~ ! and YAmax = 7 s —to compare with v =35
s~ 'and YAmax = 4 s~ ! for TCV discharge #77321 (1400 kW).
Despite a slightly higher loop voltage and a lower RE loss rate,
the ECRH phase of #77319 is clearly in the low RE regime,
indicated by the steady decay. A Dreicer rate similar to that of
#77321 would indicate an asymptotic RE density of ng/ng, =
0.001, which is compatible with experimental observations
where the decaying RE density attained ng /ng, = 0.005 at the
end of the ECRH phase.
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Table 2. Parameters for plasma and RE dynamics corresponding to the ECRH phase of discharges described in section 3. An approximate
potential asymptotic post-expulsion RE density ng/ng, is evaluated in shots #77319, #76443 and #76444 by using the value

I'p/ng, = 0.015 s ! calculated in #77321.

shot#  Pec kW)  r/a  t(s) m(x10°m™) Vi (V) E/Ec v(s™) 7 G Yamx 7 nga/ngy  ng/ngp
77321 1400 025 1.25 2.0 0.25 3 35 4 4 —48 0.0005
77319 700 025 1.25 1.8 0.35 4 23 7 7 -18 (0.001)
76443 600 020 1.25 1.6 0.3 4 13 6 6 —09 (0.002)
76 444 600 045 1.25 1.6 0.45 6 16 9 9 -05 (0.003)

A similar observation can be made for shot #76443
(600 kW, r/a =0.20), where the ECRH phase characterised
by v =13 s7" and Y4 max = 6 s~ is also in the low RE current
regime and the RE density measured at the end of the ECRH
phase ng/ng, = 0.01 is above the estimated asymptotic value
nR/an =0.002.

In the case of off-axis ECRH in TCV, #76444 (600 kW,
r/a = 0.45), this 0-D analysis yields v =16 s~! and Y4 max =
9 s~! again indicating a low RE current regime. The pre-
dicted asymptotic RE density ng/ng, = 0.003 is two orders
of magnitude below the estimated steady-state value ng/ng, =
0.2 deduced from experimental measurements. The difference
could indicate that the 0-D model is no longer applicable in
the case of off-axis ECRH. A possible explanation is that
off-axis ECRH increases the transport of REs located closer
to the plasma edge but does not significantly affect core RE
confinement.

5. Discussion and conclusions

REs are observed in TCV discharges when the parallel elec-
tric field exceeds the Connor-Hastie critical field by an order
of magnitude or more. For very low density plasmas, the RE
growth rates are sufficiently strong for REs to drive a signi-
ficant fraction of the plasma current through an avalanche-
dominated RE generation regime. The plasma current feed-
back system reacts to the increasing RE-driven current by
reducing the parallel electric field until avalanche RE gener-
ation and RE losses balance. Here, the RE density is predicted
to be resilient to density variations, as observed experiment-
ally. Applying central ECRH to a TCV plasma in the high-
RE current regime was seen to strongly reduce the RE dens-
ity by up to three orders of magnitude. Such a reduction is
sufficient to prevent the formation of a RE beam following a
disruption triggered by massive gas injection. It is shown that
the strongly reduced RE population is associated with a trans-
ition to a low-RE current regime where avalanche RE genera-
tion cannot compensate for RE losses. A 0D model, developed
in section 4, demonstrates that this transition results from the
combined effects of an increased RE loss rate and a reduced
Ohmic electric field—with a correspondingly reduced RE ava-
lanche generation rate—due to the increased conductivity of
bulk electrons heated by ECRH. The RE decay rate and RE
density reduction factor both increase with ECRH power. A
radial scan of the ECRH deposition location showed that RE

expulsion is much stronger for central than off-axis ECRH.
A plausible explanation is that core RE confinement remains
mostly unaffected by off-axis ECRH.

In a further set of experiments, not reported herein, vary-
ing the ECRH toroidal angle between discharges did not pro-
duce a noticeably different result. The HXR signal decay
and asymptotic level are found to be similar for perpendic-
ular ECRH, co, and counter-current drive configurations. It
is worth noting that, under these conditions, the plasma cur-
rent driven by EC waves was not significant and the loop
voltage measured in the co- and counter-ECCD cases was near
identical. It remains interesting to determine the effect of EC
toroidal angle on RE expulsion in situations where the EC-
driven current is significant. More generally, a strong reduc-
tion in the RE population resulting from a transition from a
high- to low- RE density regime can be expected employing
other sources of additional heating and current drive to reduce
the Ohmic field, or by applying any method that augments RE
losses.

An increased RE loss rate during ECRH is demonstrated
experimentally but an underlying physics mechanism has
not been identified. Resonant EC interaction is not expected
between REs and EC waves and no significant MHD activ-
ity is observed during the ECRH phase. Kinetic instabilities
may develop during ECRH in the presence of REs as observed
for post-disruption RE beams in FTU [31]. The increased RE
loss rate could alternatively be associated with an increase in
microturbulence with ECRH power [26]. We observe that the
electron temperature measured for 700 kW and 1400 kW of
ECRH is nearly identical. This clear stiffness in the temperat-
ure profile suggests that turbulence driven radial energy trans-
port increases with ECRH power. It is also plausible that RE
transport increases with core turbulence as suggested by other
fast electron experiments and simulations [39]. Future exper-
iments are envisioned to characterise the effect of ECRH on
turbulent transport to determine whether it can be more dir-
ectly correlated with RE losses.

In a reactor-scale tokamak, RE generation during disrup-
tions is expected to be dominated by the avalanche process,
which depends upon the magnitude of the RE seed. ECRH-
induced expulsion of any RE seed may be a path to prevent
or limit RE beam formation should a disruption occur later in
the discharge. Applying ECRH early in the discharge could
reduce startup RE generation and prevent a possible trans-
ition to the dangerous slideaway regime. The simplified 0D
model presented in this paper can be calibrated to track the
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low and high RE regimes identified herein and provide a real-
time control system where appropriate remedial action can
be taken earlier and/or after a RE seed population has been
formed.

In the TCV experiments described herein, RE expulsion
during ECRH is particularly strong as the combination of
increased RE transport and reduced avalanche RE generation
is sufficient to initiate a transition from high- to low RE current
regime, thereby decreasing the RE density by orders of mag-
nitude. Additional work is required to determine the effect of
ECRH on an existing RE seed for larger tokamaks.
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Appendix. Estimation of the initial Dreicer RE
generation

RE growth during the initial low density phase of discharges
described in this paper is analysed by calculating the time-
dependent RE density combining equations (6) and (10)

|:1 — 7’1R:| nr
NRh

where we define the resulting growth rate Yares = Yamax — ¥
and the asymptotic high-RE solutions is ng, = ngyYares/Va-
Starting from ng =0, the solution of equation (A.l) is
approximately

dn R

., = FD + Vares

0 (A.1)

b 1 —exp [_’YArest]
FD + YAres"'Rh €XP [*’YAres t]

nR

NRh

~T

(A.2)

where we assume I'p < Yares?ign - We note that ng(0) = 0 and
ng(00) = ngy, . The corresponding time evolution is illustrated
in figure A1l for parameters corresponding to the initial low
density phase in TCV discharge #77321 described in section 3.
An estimate for the Dreicer rate is obtained by measuring the
elapsed time f;,q. to the inflexion point d%ng / ds? = 0 for which

FD = YAres"'rRh €XP [_’YArestinﬁ.} . (AS)
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Figure A1. Time evolution of the normalized RE density ng/ng,
(solid blue line) for parameters corresponding to the initial low
density phase of TCV discharge #77321 (I'p /ng, = 0.2 s71,
Yares & 15 s7h ngi/nrp = 0.6). The solid red line indicates the
time-asymptotic limit ng = ng;, and the dashed red line shows the
RE density evolution accounting only for Dreicer generation

ng = I'pt. The corresponding relative evolution of Vi is also
indicated (solid green line).

In the initial low density phase the inflexion point #,5 can
be estimated to be about 0.25 s. With Yares = 15 s~! and
ngn/ngp ~ 0.6 we find

I'p

nRp

~02s . (A4)
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